We have studied the variation in tensile strength (· b ), fracture strain (¾ f ) and Young modulus (d·/d¾) of low voltage electron beam irradiation (HLEBI) on powdered ultra-high molecular weight-polyethylene from 0.043 to 0.43 MGy prior to sintering. The low dose of 0.043 MGy-HLEBI enhanced the · b , ¾ f and d·/d¾, as well as increased the crystallinity ratio from 37 to 46% evaluated by differential scanning calorimetry (DSC). An additional dose apparently decreased the · b and ¾ f , as well as the melting point from approximately 412 to 406 K and the crystallinity ratio from 46 to 43% for 0.043 to 0.43 MGy, respectively. Irradiation induces two competitive mechanisms, namely (i) the scission of chains and (ii) the crosslinking of chains. The discussion is focused on these mechanisms.
Introduction
Polyethylene (PE), is one of the simplest of all commercial polymers made from the ethylene monomer (-CH 2 -), is the most popular polymer, which is utilized for grocery bags, shampoo bottles, children's toys, and even bullet proof vests for ultra high molecular weight PE. A PE molecule is nothing more than a long chain of carbon atoms, with two hydrogen atoms attached to each carbon atom, only with the chain of carbon atoms being many thousands of atoms long. Increasing mean molecular weight and chain perfection generally increases chemical resistance and mechanical Young modulus.
However, ultra-high molecular weight polymers display a very high viscosity that prevents its processing by conventional injection or extrusion. Indeed, polymer viscosity and reptation time are related to the molecular weight at the power 3 or close to. 1, 2) In contrast, high molecular weight generally results in high mechanical performances, particularly regarding the resistance to creep, impact and wear. Due to its performance and versatility the most commonly used high molecular mass polymer is polyethylene. The latter is processed only by compression-molding, ram-extrusion or sintering of nascent powders. 35) To improve the fracture toughness to insure materials safety and performances, sintering has to be optimized. One possible route is to enhance the particle/particle strength by applying a 100 keV-class low voltage electron beam irradiation (HLEBI) to surfaces of the ultra-high molecular weight-polyethylene (UHMWPE). HLEBI is generally one of the possible method to improve wear resistance, burnishing, change wetting, 6) and sterilization. 7) The extremely high stability and homogeneity of industrial HLEBI equipments have been practically utilized for wallpaper sheet up to several square meters in size. Furthermore, HLEBI has induced the mist resistance, 810) Young modulus, strength, its strain and fracture strain for practical use of epoxy and polycarbonate. 11, 12) Since the dangling bonds generated by the low-voltage electron beam should act as bonding sites in UHMWPE, HLEBI is expected to raise its strength. In this paper, the strategy was first to use HLEBI on the nascent powders of UHMWPE (Mw = 10.5 Mg/mol) then to sinter the polymer powders above the melting point (473 K). Finally, the purpose of the present work is to investigate the effects of HLEBI on the tensile mechanical properties.
Experimental Procedure

Condition of EB-irradiation
The material used is the nascent powder of UHMWPE, GUR 4170, produced by TICONA, with the molecular weight 10.5 Mg/mol. The powders were treated by the prototype equipment known as the electron-curtain processor (Type CB175/15/180L, Energy Science Inc., Woburn, MA), which contain a vacuum chamber with a tungsten filament and a thin titanium window, and sample treatment compartment with conveyer under 1 atm N 2 gas.
812) The tungsten filament in vacuum was used to generate the electron beam at a low energy (acceleration potential, V of 170 kV and irradiating current density J of 0.089 Am ¹2 ). Although the electron beam generation was under vacuum, the irradiated sample was kept under protective N 2 gas. The gas flow rate was 1.5 l·s ¹1 at 0.1 MPa of N 2 gas pressure with an O 2 residual concentration below 400 ppm. The sheet electron beam irradiation was applied intermittently. Each sweep of irradiation dose (0.043 MGy (kJ g ¹1 )) was applied for only a short time (0.23 s) to avoid excessive heating of the sample; the temperature of the sample surface remained below 323 K just after irradiation. Repeated irradiations to both side surfaces of the samples with the interval of 30 s were used to increase the total dose of irradiation. The UHMWPE powder sample was treated by HLEBI on both outside surfaces only.
Given the densities (µ) was 0.97 Mg·m ¹3 (g·cm ¹3 ) for PE, the penetration depth (D th ) values of 0.27 mm for PE were estimated by assumptions of Christenhusz and Reimer, respectively. 13) In addition, the D th value of PE (0.4 mm) was also calculated by the assumptions of Libby.
14) Namely, the effective depth of homogeneous irradiation was 0.3 « 0.1 mm. 
Sample preparation and tensile test
After EB-irradiation treatment, the UHMWPE powder was rapidly sintered under pressure at 473 K during 1 h in an Instron compressive machine equipped with a Servantin oven. The sintering protocol is detailed in the reference.
5)
Sintered disc with 2 mm in thickness and 25 mm of diameter was obtained. Each sintered sample provides 2 tensile specimens with 10 mm in gauge length, 2 mm in thickness and 3 mm of width, hence the cross-sectional area was 6 mm 2 . The UHMWPE is known to have a very broad rubbery plateau. This exceptional property permits to perform the tensile test above as well as below the melting temperature. 5) All tensile tests have been performed using a tensile machine MTS 1/ME equipped with MTS CE412 oven.
For the tensile tests at room temperature the cross-head speed was 2 mm/min, thus the initial strain rate was 3.5 © 10 ¹3 s ¹1 . For the tensile tests at 423 K (above melting temperature), the cross-head speed was 6 mm/min, thus the initial strain rate was 10 ¹2 s
¹1
. The nominal strain was computed as ¾ = L/L 0 where L 0 is the initial sample gauge length and L its length under strain. The nominal stress was defined as · = F/S 0 where F is the tensile force and S 0 the initial sample cross-section.
Characterization
The crystallinity and the melting temperature was measured by Differential scanning calorimetry (DSC) analysis using a PerkinElmer Pyris apparatus at heating rate of 10 K/min. Temperature and heat flow scales were calibrated using highpurity indium. X-ray diffraction (XRD: D8 ADVANCE, BRUKER) 15) was used to evaluate the crystallinity ratio » obtained for UHMWPE, as received or treated by HLEBI. The experimental error of energy was within less than 2%.
Results
Stress-Strain curves of tensile test of UHMWPE
with and without HLEBI Effects of HLEBI from 0.043 to 0.43 MGy (performed prior to sintering) on the tensile strength (· b ), fracture strain (¾ f ), yield strength (· y ) and Young modulus (d·/d¾) of sintered UHMWPE have been investigated. Figure 1 shows stress-strain curves of tensile test of UHMWPE without irradiation and with HLEBI from 0.043 to 0.43 MGy (a) at room temperature and (b) above the melting point at 423 K. Each tensile test is repeated two times independently.
As shown in Fig. 1(a) , the high dose of 0.43 MGy-HLEBI decreases the ductility, as expected because of radiation damages. It is one forth that of untreated UHMWPE. On the contrary, the low dose with 0.043 MGy-HLEBI slightly increases the · b and ¾ f , as well as enhances the Young modulus indicated by d·/d¾, which is 2 times higher than that of untreated UHMWPE. Thus the strengthening of UHMWPE induced by HLEBI is clearly shown. 0.22 MGy-HLEBI induces a rather large damage of the polymer, decreasing by 50% the strain at break and by 20% the yield stress.
Moreover, strong effects of HLEBI on tensile mechanical properties at 423 K are observed. The elongation at break is drastically decreased which clearly correspond to the scission of macromolecules, because at this temperature all crystallites have melted and the material acts as a rubber.
Effect of HLEBI on Young modulus, strength and
fracture strain The Young modulus (d·/d¾) was computed from a linear regression on the experimental data in the strain range 0.01 < ¾ < 0.03 to avoid experimental errors from both strain onset determination and viscoelastic deformation. The fracture strain (¾ f ) is given as a percentage of the original gauge length. Figure 2 shows changes in the Young modulus and fracture strain of tensile test of UHMWPE sintered against HLEBI dose from 0.043 to 0.43 MGy. The data points refer to average values of two independent measurements. Figure 3 exhibits the XRD peaks of UHMWPE with and without HLEBI. The top and second highest peaks of all UHMWPE samples are observed at about 21.5 and 23.9 degree (classical orthorhombic phase PE 16) ). Figure 4 shows DSC analysis of UHMWPE sintered with and without HLEBI from 0.043 to 0.43 MGy HLEBI dose. Table 1 shows melting point and crystalline ratio measured by DSC. The melting point and its enthalpy values (412 K, 132 J/g) of 0.043 MGy sample is 1.24 times higher than that (410 K, 107 J/g) of untreated sample. Although the crystalline ratio is 37% for untreated sample, HLEBI with low dose of 0.043 MGy increases the crystalline ratio of 46%. In the case of HLEBI with additional high dose of 0.43 MGy, the crystallinity ratio slightly decreases to 43%.
Discussion
XRD discussion
DSC analysis of HLEBI effect
Atomic scale discussion of HLEBI strengthening of
Young modulus, strength and fracture strain When tensile tests are performed at room temperature, the cohesion of the materials originates essentially from the macromolecule entanglements and crystallites in the region around native particle interface. In addition, possible crosslinking could occur due to HLEBI treatment. On the other hand, only entanglements and possible cross-linking play a role, when the tensile tests are performed above the melting point.
The Young modulus enhancement can be essentially explained by the crystallinity evolutions. The increase of crystallinity ratio is generally attributed to an increase of the chain mobility allowed by the decrease of the chain length induced by irradiation. But the very little final decrease of crystallinity ratio for high dose can be explained by the appearance of defects, such as cross-linking between to chain segments preventing large crystal growth. Thus, two mechanisms are in competition, (i) chain cuts and (ii) crosslinking of PE macromolecules with two different kinetics. 17, 18) The melting temperature is generally related to the crystalline size.
19) The melting temperature increases in the case of HLEBI dose 0.043 compared to the untreated material.
According to Table 1 , a low dose leads to an increase of » from 37 to 46% which in turn is enough to explain the experimental mechanical data. Indeed, the decrease of the chain length in this region increases the macromolecule mobility allowing the polymer to further crystallize such as classical linear PE (i.e. with shorter chains). This hypothesis is consistent with the intensity increase of the XRD peak, the area under which is directly proportional to the crystalline content. Moreover, it is known that mechanical properties of semi-crystalline polymers such as d·/d¾ and · y are directly correlated to the crystallinity.
On the other hand, it is well known that irradiation leads to changes of the distance between first neighbors, enhancing the first coordinated atomic distance, resulting in turn in atomic scale volume expansion by dangling bonds formation. Such a situation is well known for various polymers in their glassy state, such as epoxy, 20) polycarbonate, 21) acryl resins 22) as well as Silicate glasses. 2326) Therefore, the high d·/d¾ and ¾ f induced by the low dose of 0.043 MGy-HLEBI are explained by compressive force and stress relaxation induced by the coulomb repulsive force near dangling bonds for silica glass with interatomic distance and coordination number estimated by radial distribution function. 27) For UHMWPE (present work), the situation is different because the amorphous phase is above its glass transition temperature is in the rubbery state. Thus, there is no chance that HLEBI may change the density of this phase as any internal stresses would relax in very short times. However, the crystalline phase may be damaged by electron irradiation, which could change its average density with possible slight variations on mechanical behavior. Further studies would be necessary to check such hypothesis. One can observe that the low dose of 0.043 MGy-HLEBI at room temperature remarkably increases the elastic properties (yield stress and Young modulus) and slightly increases the fracture strain and tensile strength, as shown in Fig. 1(a) . 0.043 MGy-HLEBI decreases the degree and increases width of X ray peaks, as shown in Fig. 3 .
Additional dose from 0.043 to 0.43 MGy does not change the Young modulus, which is again consistent with the crystallinity ratio decrease from 46 to 43%. The same trend can be seen for the yield stress. On the other hand, the strain at break is essentially decreasing with HLEBI dose likely because of the average chains length decrease. The melting temperature is observed to decrease when the HLEBI dose from 0.22 to 0.43 MGy increases. 19) Additional dose of 0.43 MGy-HLEBI decreases the melting temperature, by 4 degrees. The melting temperature decrease is related to the decreasing of crystal periodicity, and is consistent with the polymer degradation as discussed above.
Compared with untreated sample, the additional high dose of 0.43 MGy-HLEBI, which induces the radiation damages, not only decreases the melting point in Fig. 4 and Table 1 , but also decreases and increases the degree and width of X ray peaks in Fig. 3 , respectively. Consequently, the additional dose enlarges the mean atomic distance and decreases the periodicity, which is lower than for the untreated samples. The radiation damages are generated by additional density of active terminated atoms with dangling bonds, when HLEBI cuts polymers.
In addition, when increasing again the HLEBI dose the crystallinity cannot increase anymore, probably because of the presence of new crosslinking nodes induced by irradiation, though the damage due to chain scission still increase. As a consequence the irradiated zones become very brittle and cannot follow the deformation of the safe zone, leading to a very weak mechanical behavior. The tensile strength and fracture strain of 0.22 MGy-HLEBI are in data obtained for low and high doses of HLEBI.
Above the melting point the irradiation effect is strongly negative on the mechanical behavior, as shown in Fig. 1(b) . Since the hot-press temperature of 423 K is higher than melting point, strengthening by homogeneous distribution of atomic scale expansion sites is not effective, resulting in reducing ductility. This can be also explained because the HLEBI has led to a decrease of chain length inducing a strong creep during the tensile test. These observations strongly suggest that the crystallinity ratio is the key parameter, which is able to explain the improvement of properties due to HLEBI.
Conclusion
Effects of low voltage electron beam irradiation (HLEBI) from 0.043 to 0.43 MGy, performed prior to sintering, on the tensile strength (· b ), fracture strain (¾ f ), yield strength (· y ) and its Young modulus (d·/d¾) were investigated for UHWMPE sintered with crystallinity ration of 37%.
(1) Experimental results showed the low dose of 0.043 MGy enhanced the crystallinity. Additional dose up to 0.43 MGy slightly decreases the crystallinity and crystal size probably because of the increase of chain defects density, like crosslinking nodes. (2) For low doses, the HLEBI doses enhanced the Young modulus (d·/d¾) and yield stress, which is consistent with the increase in the crystallinity ratio from 37 to 46%. The strain at break strongly decreases with HLEBI dose due to the average decrease of macromolecules length. Moreover the mechanical behavior above the melting point shows that HLEBI has led to a decrease of the chain length leading to a drastic creep and/or early fracture during tensile tests.
